The effect of heavy metal intoxication on superoxide anion (O 2 -) production and larval burden during experimental Ascaris suum infection was studied. Mice were chronically intoxicated with lead (Pb), cadmium (Cd) or mercury (Hg) and subsequently infected with A. suum. The metabolic activity of peritoneal macrophages in mice intoxicated with Pb was suppressed and subsequent parasitic infection did not change this inhibition. Cd intoxication increased the superoxide production and also stimulated the activity of this oxygen radical after A. suum infection. Intoxication with Hg had a stimulative effect on the macrophage metabolic activity and subsequent A. suum infection moderately reduced this activity. Parasite burden was different depending on a type of heavy metal intoxication. Pb intoxication moderately increased the parasite burden in the liver and lungs of intoxicated mice. In contrast, Cd and Hg intoxication triggered a marked reduction of A. suum larvae in the liver and lungs of intoxicated mice, respectively. Monitored heavy metals differed in their immunomodulatory effect on metabolic activity of macrophages what also altered the intensity of the parasite infection in the hosts.
Introduction
Heavy metals are biologically nondegradable environmental pollutants with negative effect on human and animal health (carcinomas, hematotoxicity, allergy, immunotoxicity). The content of heavy metals in the atmospheric deposition significantly contributes to the environmental pollution. After sedimentation, the components of atmospheric deposition interact with soil and other constituents of environment and directly affect a quality of the environment (Hančuľák et al., 2011 (Hančuľák et al., , 2012 (Hančuľák et al., , 2013 . Heavy metals accumulate along the food chain, what results in serious ecological and health hazard.
Exposure of organisms to heavy metal ions impairs the immunocompetence and enhances susceptibility to the infections (Hemdan et al., 2013) . Environmental pollution can increase parasitism, e.g. host defence mechanisms are negatively influenced and make a host more sensitive to parasite infection, or there is increasing population of proper hosts and intermediate hosts (Lafferty & Kuris, 1999) . However, pollution can also decrease parasitism so that infected hosts suffer from environmental load more than uninfected hosts. Parasites are more sensitive to pollutants than their hosts, or pollution causes extinction of necessary hosts (Lafferty & Kuris, 1999) . Many studies have already been focused on the stress induced by parasite in relation to the environmental pollution at physiological level. This stress is often the first step to the suppressed immune response. Immunotoxicity of heavy metal compounds is a subject of the great interest in many studies. For example, exposure to lead (Pb) ions strongly enhances the susceptibility of hosts to parasite infections (Flohé et al., 2002; Gidlow, 2004; Bussolaro et al., 2008) . Mercury (Hg) represents the most toxic metal in the environment which markedly inhibits cellular activities (Borošková et al., 1995; Šoltýs et al., 1997; Fortier et al., 2008) and initiates development of autoimmune diseases (Abedi-Valugerdi, 2009; Vas & Monestier, 2008) . Cadmium (Cd) induces thymic atrophy and splenomegaly, as well as immunosuppression and modifies humoral and cellular responses (Dan et al., 2000; Pathak & Khandelwal, 2008; Shen et al., 2001) . Toxic metals increase a higher production of reactive oxygen species (ROS) that subsequently induce an oxidative stress in cells (Ramirez & Gimenez, 2002) . Parasites can be used as indicators of effects and accumulation of environmental pollutants (sentinel organisms). But on the other hand, parasites can interfere with bioindicative processes due to their effect on physiology and behaviour of their host. It could also contribute to a false positive or negative assessment of environmental contami-HELMINTHOLOGIA, 51, 3: 171 -180, 2014 nation. Therefore it is necessary to study parasite-host interactions in relation to heavy metal immunotoxicity. Immunotoxicity of heavy metals and their modulation of parasite-host interactions in this study were tested at a model helminth infection of Ascaris suum. Human ascariosis caused by Ascaris lumbricoides is widespread parasitosis . A closely related species Ascaris suum infecting pigs was chosen as a model parasite in this study (Ondrejková et al., 2012; da Silva & Müller, 2013) . The developmental stages of mentioned parasite species are able to survive in environment for relatively long time and may represent a serious health threat not only for animals, but also for humans (Dold & Holland, 2011; Šnábel et al., 2012) . Experimental studies in mice focused on the host immune responses can document positive or negative effects of heavy metal intoxicated parasite on development of the host immune response. Thus influences the immunogenicity and pathogenicity of the host in heavy metals contaminated environment. Macrophages, as part of the innate immune response, play a key role in early defence against pathogens. Reactive oxygen and reactive nitrogen species, such as superoxide (O 2 -), hydroxyl radical ( . HO), hydrogen peroxide (H 2 O 2 ), nitric oxide (NO), and peroxynitrite (ONOO -) are products that macrophages use to destroy a parasite (Kasten-Jolly & Lawrence, 2014) . The aim of this study was to examine the immunotoxic effect of heavy metals (lead, cadmium and mercury) on metabolic activity of macrophages in mice infected with Ascaris suum.
Materials and methods

Intoxication
Mice were exposed to heavy metals intoxication with salts of lead or cadmium dissolved in drinking water. Mercury was dissolved in aqua pro injection. Concentrations used in experiments were: Lead: Pb(CH 3 COO) 2 (Sigma-Aldrich, Germany) 100 mg/l in drinking water ad libitum Cadmium: CdCl 2 (Sigma-Aldrich, Germany) 100 mg/l in drinking water ad libitum Mercury: HgCl 2 (Sigma-Aldrich, Germany) 0.2 mg/kg of body weight, injected subcutaneously (s.c.) each day throughout the experiment.
Parasite isolation and infection
Embryonated Ascaris suum eggs were prepared by a modified method according to Boes et al. (1998) . Adult worms were obtained from pigs at a Slovak slaughterhouse (Hrabkov). The eggs were isolated from the distal 2 cm of the uterus via gentle mechanical maceration. Purified eggs were cultured to the infective third-stage larvae (L3) in 0.1 N NaOH for 4 -5 weeks, at room temperature, protected from light. During incubation, the egg suspensions were oxygenated three times per week by stirring. Egg embryonation was evaluated microscopically on weekly basis from day 14. Embryonated A. suum eggs were stored in 0.1 N NaOH solution at 4 -6 °C and regularly oxygenated until their use to infect experimental animals (approximately 120 days). Each mouse received a dose of 1000 infective A. suum eggs in 0.2 ml of phosphate buffered saline (PBS). The dose was given orally with a 1 ml syringe fitted with a blunt-end needle.
Animals
Three experiments were carried out on pathogen-free, 8 weeks old male BALB/c mice (VELAZ, Prague, Czech Republic; n = 180) weighting 18 -20 g. Mice were kept under a 12-h light/dark regime at room temperature (22 -24 °C) and 56 % humidity and fed with commercial diet and water. The 
Recovery of larvae from the liver and lungs
The liver or lungs were separated and cut into small pieces, packed in the cheesecloth and placed at the top of a conic tube filled with warm PBS (Baermann's apparatus). Living larvae were recovered from tissues after overnight incubation at 37 °C. The larval suspension was centrifuged at 200 g for 5 min, and the volume reduced by aspiration to 3 -5 ml (depending on the amount of sediment). The number of larvae was counted microscopically in a total volume of the suspension.
Detection of heavy metals in tissues
Tissue samples (liver, kidneys, muscles) for lead and cadmium detection were mineralised with HNO 3 and H 2 O 2 in Microwave oven MLS 1200 (Milestone, Italy). The concentrations of Pb and Cd were quantified by Inductive Couple Plasma-OES (Perkin Elmer Instrument USA, Optima 200 DV). The concentration of mercury was determined directly by a single-purpose atomic absorption spectrometer AMA 254 (Advenced Mercury Analyser, Altec, Czech Republic).
Superoxide anion assay
Generation of extracellular superoxide anion (O 2 -) from peritoneal macrophages was assayed as superoxide dismutase (SOD)-inhibitable reduction of ferricytochrome C with and without stimulation with phorbol myristate acetate (PMA) (Dvorožňáková et al., 2008) . Peritoneal cells were aseptically harvested in RPMI 1640 (Sigma-Aldrich, Germany) to a final concentration of 1x10 6 cells/ml. One ml of cell suspension was adhered to each well using 24-well plates (Falcon, France) and incubated at 37 °C in 5 % CO 2 and 85 % humidity for 2 h. The reaction was carried out in 0.3 ml/well of 160 µM ferricytochrome C (SigmaAldrich, Germany) in Earl's balanced salt solution (EBSS) (pH 7.2). In control the reaction was blocked by 300 µg SOD/10 µl in EBSS. 10 µl of PMA in ethanol was used for the stimulation of cells for respiratory burst. Cells were incubated at 37 °C in 5 % CO 2 and 85 % humidity for 2 h and the optical density (OD) of supernatant was measured at 550 nm. The amount of O 2 -produced was calculated from the difference in OD in reactions blocked by SOD and without SOD. As the resulting value, the nanomols (nmol) of produced O 2 -were calculated according to the formula: nmol O 2 -= (OD/6.3) x 100 and determinated for 1 mg of cell proteins.
Statistical evaluation
Statistical differences were assessed using one-way ANOVA, followed by post hoc Tukey's test (a value of P < 0.05 was considered significant), which allowed comparison between each two groups at each time point. The analyses were performed using the Statistica 6.O (Stat Soft, Tulsa, USA) statistical package. 
Heavy metal intoxication
Results
Parasite burden -numbers of A. suum larvae
In comparison with only infected group of mice, without heavy metal intoxication (Table1), the parasite burden was increased in mice intoxicated with Pb. On contrary almost 2-fold reduction in number of A. suum larvae in the liver of mice intoxicated with Cd was observed on day 4 post infection (p.i.) (P < 0.05). The lowest numbers of larvae were found in the liver (day 4 p.i.) and the lungs (day 7 p.i.) of mice intoxicated with Hg (P < 0.05). Mice intoxicated with Hg were extremely cachectic, mice intoxicated with Pb showed slight weight loss, and mice intoxicated with Cd were in good condition and increased in body weight in comparison to the control.
Heavy metal distribution
The heavy metal accumulation was observed in the liver, kidneys and muscles of intoxicated mice as well as in mice intoxicated and subsequently infected with A. suum (Table 2). Heavy metals showed a higher affinity to the liver and kidneys, whereas metal accumulation in the muscles A. suum infection could participated in a decreased cadmium deposition in the kidneys (P < 0.01) and the liver at week 5. Mercury concentration was also increasing in the liver during intoxication, but kidneys were the main organ for Hg accumulation. The Hg content in kidneys peaked at week 3 and decreased by week 5. The parasite infection did not affect Hg distribution in examined organs.
Superoxide anion production
Pb intoxication induced a suppression (P < 0.05; P < 0.01) of the metabolic activity of peritoneal macrophages ( Fig. 1 ) and the subsequent A. suum infection significantly (P < 0.05; P < 0.01) inhibited superoxide anion (O 2 -) production. The generation of O 2 -was stimulated throughout Cd intoxication and the subsequent A. suum infection did not change macrophage's metabolic activity (Fig. 2) . Intoxication with Hg had a stimulative effect on the O 2 -production (Fig. 3) , and the highest macrophage activity was detected after 5 weeks of the intoxication (P < 0.01) High metabolic activity of macrophages of mice intoxicated with Hg probably balanced a decreased number of these cells in the peritoneal cavity. However, the subsequent A. suum infection of mice intoxicated with Hg a little reduced the O 2 -production under values reached in infected mice without intoxication, but nevertheless the metabolic activity remained increased above the control.
Discussion
Primary results about the effect of heavy metals on the host immune response can explain a positive or negative role of contaminated environment on parasite infection. Under such conditions both host and parasite are susceptible to the pathogenic effects of toxic metals, which in turn may result in detrimental changes to their immunological and physiological processes. How the combination of contaminated environment and parasitism can influence a development of immune response to the infection has not been well-studied. A role of regulative (helper lymphocytes, cytokines) and effector (macrophages) components of immunity is important in the host defence against parasite. These cells are also target structures for heavy metal effects (Shen et al., 2001; Rana 2008) . Mice are monogastric animals in which the liver and kidneys serve as detoxicating organs that help to filter toxic waste metabolites from the body. Heavy metals can enter into the host organism through plant food or water contaminated with toxic substances nearby industrial complexes (Hančuľák et al., 2005 (Hančuľák et al., , 2006 ). An accumulation of heavy metals in tissues of small mammals reflects environmental contamination. Heavy metal distribution in mice organs differs and depends on specific metal affinity to different tissues. But the liver is the main detoxicating organ and also plays a key role in the host defence against parasite migration. Although the liver has the ability to regenerate under certain conditions, it can be severely damaged by acute exposure to high doses of heavy metals or by repeated exposure at low doses of these substances (Ranawat et al., 2010) . In our study Pb accumulation in tissues of intoxicated mice reached the maximum in the acute phase of the intoxication, after 3 weeks, and later the content of lead in the liver, kidneys or muscles decreased. We can expect a lead accumulation into bones of mice, because of high affinity of Pb for bones (Gidlow, 2004) , or full metal saturation in parenchymal organs. The length of experiment was accommodated to parasite infection in murine model in which the active larval phase of ascariasis lasts short time and evaluating of long-lasting chronic intoxication needs other observations/experiments to be accomplished. A. suum infection did not affect the Pb content in murine tissues (liver, kidneys, and muscles). Cadmium cumulated preferentially in kidneys and the level of Cd was time dependent. A. suum infection inhibited Cd accumulation in the kidneys and liver. We suggest that cadmium were lowered because of increased metabolism during the parasite infection (Yoshida et al., 2006) , or possibly Cd had an immunomodulating effect on the host and stimulated its defence mechanisms, which resulted in the reduced parasite burden in mice intoxicated with Cd. Also in mice intoxicated with Hg, the kidneys were the primary organ for metal accumulation. The maximal Hg concentration was detected on week 3. Later a steady decrease in Hg content was observed (week 5). A. suum infection itself did not affect mercury distribution/concentration. In mice intoxicated with heavy metals and subsequently infected with A. suum the differences in intensity of the parasite infection were found. The intensity of the infection varied between the sources of heavy metal intoxication. A non-significant increase in the parasite burden in mice intoxicated with Pb was observed, but large parasite reduction was detected in mice intoxicated with Cd. Similarly low numbers of larvae were found in mice intoxicated with Hg. Moreover these animals were extremely cachectic and probably their debilitation limited parasite infection. Cd exposure induces morpho-functional pathological remodelling of the hepatic stroma and parenchyma. In response to the injury liver tissue triggers a reactive process by enhancing activation of antioxidant enzymes and collagenogenesis (Cupertino et al., 2013) . Inflammatory reactions in the liver of hosts infected with Ascaris forms "white spots". These granulomas consist of large numbers of macrophages, fibroblasts and lymphocytes. Residues of A. suum larvae used to be detectable in granuloma tissue of white spots and the parasite antigens are taken up by inflammatory cells (Frontera et al., 2003) . An increased liver pathology is associated to larval reduction in the liver in naturally infected animals and also in experimental infection (Eriksen et al., 1992; Jungersen et al., 1999) . We hy-pothesize, that Cd intoxication in our study could initiate an increased fibrogen-collagenogenesis in the liver and cause effective larval entrapment which results in decreased parasite burden. Differences in parasite numbers might be explained by a different immunomodulatory effect of heavy metals on the effector immune cells -macrophages. Toxicity of heavy metals is determined by the generation of reactive oxygen and nitrogen species. Toxic manifestations of metals are due to the imbalance between pro-oxidant and antioxidant homeostasis which is termed as oxidative stress. Heavy metals have a high affinity for thiol groups containing enzymes and proteins, which are responsible for normal cellular defence mechanism (Flora et al., 2008) . Metabolic activity of peritoneal macrophages was evaluated by in vitro production of superoxide anion (O 2 -). Pb intoxication induced a suppression of the free oxygen radical and the subsequent A. suum infection retained this inhibition. The toxic action of Pb on redox cell status confirmed Bussolaro et al. (2008) , who demonstrated, that lead affected all macrophages functions, by reducing the phagocytic index, nitric oxide production, endosomal/lysosomal system stability, cell adhesion, and upregulating the antioxidant enzymatic activity of catalase, lead affects the redox status of the macrophages and reduces their ability to protect the hosts against pathogens. Even low doses of Pb salts blocked in vitro NO production in murine macrophages (Tian & Lawrence, 1995; Mishra et al., 2006) . Immunosuppressive effect of Pb on peritoneal macrophages was observed also in study in vitro (Gargioni et al., 2006) , where authors explain that cell death is due to DNA damage and necrosis induction. Also study in vivo (Bishayi & Sengupta, 2006) showed a significant decreased macrophage's adhesion ability and morphological deformations in macrophages after Pb intoxication of mice. A supposed increase in macrophage's damage after Pb intoxication in our study could be a cause of the inhibited superoxide production and suppressed antiparasitic defence of the host. In our study the generation of O 2 -was stimulated throughout Cd intoxication and the subsequent A. suum infection did not change macrophage's metabolic activity. Cd is a redox inactive metal because it is not able to generate free radicals directly. However, the formation of ROS indirectly involving superoxide, hydroxyl radical and nitric oxide has been reported (Waalkes, 2000) . Some authors suppose that lipid metabolism could be a key target for Cd immunomodulant-toxic effects in macrophages and should be taken into account in immunotoxicological evaluation (Ramirez & Gimenez, 2002) . Controversial results about cadmium effect on ROS production are known from literature. Ramirez et al. (1999) found biphasic up and down effect of Cd (10 µM) on NO production. Our Cd intoxication in drinking water (100 mg CdCl 2 /l) increased the superoxide production throughout the experiment. This could correspond to the results obtained by Kim et al. (1998) , who observed stimulation of IFN- production, an important activator of macrophage's energetic system (Schroder et al., 2004) .
Hg intoxication of mice in our study had a stimulative effect on the macrophage metabolic activity. Subsequent A. suum infection moderately reduced this activity. Mercury can induce toxic effects by inducing oxidative stress that alters cellular function what results in cell death and pathological injury (Chen et al., 2010) . Kim and Sharma (2004) found, that initial action of mercury on macrophages is going through the mobilization of Ca 2+ ions and resulting in increased reactive oxygen species (ROS) production leading to apoptotic and necrotic changes in macrophages. Mercury increased free radical production and oxidative stress in animal and human studies (Wiggers et al., 2008; Wolf & Baynes, 2007) . On the contrary, low doses of Hg (2 -4 µM) stimulated NO production in cells of rats (Ellis et al., 2001 ). These differences are probably caused by various cell-systems, doses and conditions of metal exposition. In our study, the stimulated O 2 -production could have a detrimental effect on the host organism. Mice were weak, cachectic with bad condition. Excess ROS synthesis in mammals is involved in a variety of undesirable biological reactions and functional damage processes such as inflammatory reactions after exposure to toxic agents (Finkel & Holbrook, 2000) . In our experiment mice intoxicated with heavy metals and subsequently infected with A. suum did alter the metabolic activity of macrophages in comparison to non-intoxicated mice. In the immune system, macrophages play important roles in various inflammatory responses that prevent tissue or organ damage, including responses to migrating A. suum larvae and toxic metals (Morrissette et al., 1999; Frontera et al., 2003) . Metabolic changes after Pb intoxication were presented as the decreased superoxide production that weakens immunocompetence of macrophages to protect the host against parasite larvae, but the numbers of A. suum larvae in the liver did not increase significantly in intoxicated mice. This could be explained by higher affinity of Pb for the mineral tissues (bones and teeth), which is associated with lesser accumulation preference for the soft tissues (kidneys, liver, muscles) (Gidlow, 2004) . The liver is the first effective defence barrier, where larvae are taken up by the host immune cells (Eriksen et al., 2004) . The level of accumulated Pb in the liver of intoxicated mice did not reach high values. Metals Cd and Hg stimulated metabolic activity of macrophages, but with a different intensity. The moderate increase in superoxide production after Cd intoxication resulted in a reduced number of larvae in the liver of the host, i.e. the immunomodulative effect of cadmium stimulated the host defence against the parasite. Mercury intoxication caused the highest superoxide production in macrophages and also the marked reduction of parasite burden in the host. However, intoxicated mice were weak. We supposed, that murine bad condition could be caused by the oxidative stress and adverse toxic effect of mercury and the parasite A. suum adapted for a debilitated host to survive both, parasite and host. These results suggest the different metal effects on parasite status of the host in the polluted areas and a different risk of parasite infection depending on a metal pollution, what also may affect a bioindicative role of small mammals in environmental and epidemiological studies.
